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CorA superfamilyMagnesium (Mg2+) plays critical role in many physiological processes. The mechanism of Mg2+ transport
has been well documented in bacteria; however, less is known about Mg2+ transporters in eukaryotes. The
AtMRS2 family, which consists of 10 Arabidopsis genes, belongs to a eukaryotic subset of the CorA superfamily
proteins. Proteins in this superfamily have been identiﬁed by a universally conserved GlyMetAsn motif and
have been characterized as Mg2+ transporters. Some members of the AtMRS2 family, including AtMRS2-10,
may complement bacterial mutants or yeast mutants that lack Mg2+ transport capabilities. Here, we report
the puriﬁcation and functional reconstitution of AtMRS2-10 into liposomes. AtMRS2-10, which contains an
N-terminal His-tag, was expressed in Escherichia coli and solubilized with sarcosyl. The puriﬁed AtMRS2-10
protein was reconstituted into liposomes. AtMRS2-10 was inserted into liposomes in a unidirectional
orientation. Direct measurement of Mg2+ uptake into proteoliposomes revealed that reconstituted
AtMRS2-10 transported Mg2+ without any accessory proteins. Mutation in the GMN motif, M400 to I,
inactivated Mg2+ uptake. The AtMRS2-10-mediated Mg2+ inﬂux was blocked by Co(III)hexamine, and
was independent of the external pH from 5 to 9. The activity of AtMRS2-10 was inhibited by Co2+ and Ni2+;
however, it was not inhibited by Ca2+, Fe2+, or Fe3+. While these results indicate that AtMRS2-10 has similar
properties to the bacterial CorA proteins, unlike bacterial CorA proteins, AtMRS2-10 was potently inhibited by
Al3+. These studies demonstrate the functional capability of the AtMRS2 proteins in proteoliposomes to study
structure–function relationships.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Magnesium is one of the most important and abundant divalent
cations within living cells. Mg2+ is as an essential cofactor in hundreds
of enzymes and is indispensable for numerous cellular functions, in-
cluding nucleotide utilization, protein synthesis, and maintenance of
genomic stability [1]. In animals, Mg2+ is an important regulatory sig-
nal, and mediates many biochemical reactions [2,3]. In addition, Mg2+
plays an even more prominent role in plants because it is an
essential component of chlorophyll molecules, and Mg2+ regulates
key enzymes that are involved in carbon ﬁxation in chloroplasts [4,5].
Despite these critical cellular functions, the mechanisms of Mg2+ up-
take, transport, and homeostasis in eukaryotes are only slowly being
elucidated.
As with any cation, the cellular concentration of Mg2+ is regulated
by transmembrane pathways. These processes have been best charac-
terized in prokaryotes, where the X-ray crystal structures of the
Thermotoga maritima CorA [6–8] and Thermus thermophillus MgtEnoside; DDM, n-dodecyl-β-D-
T, wild type
+81 75 703 5674.
l rights reserved.[9] Mg2+ channels have been determined. CorA is the primary Mg2+
uptake system in the Bacteria and Archaea domains [10]. CorA from
T. maritima is a homopentamer with two transmembrane segments
(TM1 and TM2) per monomer. The C-terminal periplasmic end of the
pore-lining helix, TM1, contains the highly conserved “GMN” motif
(Supplemental Fig. 1). Many studies have elucidated the functional
properties of Mg2+ transport systems, using genetic and electrophys-
iological analyses [11]. Payandeh et al. [12] recently presented the
ﬁrst direct evidence that CorA mediates selective Mg2+ ﬂux without
accessory proteins, using highly puriﬁed T.maritima CorA thatwas
reconstituted into liposomes. Mutations in the GMN motif of CorA
abolished Mg2+ transport, which indicates that this motif is essential
for function [12,13].
There are a number of eukaryotic proteins with weak homology to
CorA in yeast, plants, and mammals. The best-studied member of the
eukaryotic CorA superfamily (or 2-TM-GMN-type proteins [14]) is the
yeast mitochondrial Mrs2p protein [15]. Arabidopsis possesses a large
family of putative Mg2+ transporters that are homologous to yeast
Mrs2p and the CorA family in bacteria. This gene family has 10 mem-
bers (and one pseudo-gene), and the family was initially named
AtMRS2 [16], or alternatively, AtMGT [17] for magnesium transport.
Some members of the AtMRS2 family, including AtMRS2-10, may
complement yeast mutants [16–18] or bacterial mutants [17,19–21]
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ized the Mg2+ transport properties of the whole gene family using
heterologous expression in the yeast mrs2 mutant and observed efﬁ-
cient Mg2+ uptake for AtMRS2-1, AtMRS2-7, and AtMRS2-10 [22].
Despite the results that suggest Mg2+ transport by plant MRS2
proteins, there have been no reports that have presented the puriﬁca-
tion and molecular characterization of the plant MRS2 proteins. In
this study, AtMRS2-10 was expressed in Escherichia coli cells, puriﬁed
and reconstituted into liposomes. AtMRS2-10 belongs to the superfam-
ily of 2-TM-GMN-type proteins. AtMRS2-10 possesses the signature GMN
sequence; however, it has low sequence conservation with CorA
(Supplemental Fig. 1). AtMRS2-10 is able to complement bacterial corA
and yeast mrs2, alr1, and alr2 mutants [16–18]. Transgenic plants
overexpressing AtMRS2-10 have shown an enhanced tolerance to
Mg2+ deﬁciency and an improved tolerance to Al [23]. Although
these studies indicate a functional homology to CorA, direct function-
al evidence on the plant protein is currently unavailable. We have
now provided the ﬁrst direct evidence that puriﬁed, reconstituted
AtMRS2-10 mediates the transport ofmagnesium ions, and its transport
was inhibited by Al3+.
2. Materials and methods
2.1. Plasmids
The Arabidopsis sequence (stock no. ATTS4604) that encodes for
AtMRS2-10 was obtained from the Arabidopsis Biological Resource
Center (http://abrc.osu.edu/). AtMRS2-10 was subcloned in-frame at
the NdeI site of the pET28a vector (Novagen). Site-directed muta-
genesis was performed using the QuikChange protocol (Stratagene),
and all plasmid sequences were conﬁrmed by DNA sequencing.
2.2. Protein puriﬁcation
Proteins were expressed in E. coli BL21-Codon Plus(DE3)-RIL cells
(Stratagene) grown in 3 L of TB media that contained kanamycin
(30 μg/ml) and chloramphenicol (35 μg/ml), and the cells were induced
at an OD600 of ~0.6 with 50 μM isopropyl-β-D-thiogalactopyranoside
(IPTG) at 15 °C for 24–27 h. After harvesting, the cultures were
resuspended in 15 ml buffer A (50 mM sodium phosphate buffer at
pH 7.8, 300 mM NaCl, 2 mM phenylmethylsulfonylﬂuoride, 2 μg/ml
aprotinin, 2 μg/ml leupeptin and 2 μg/ml pepstatin A) and were soni-
cated. The cells were centrifuged at 8000×g for 25 min at 4 °C, and
1% (w/v) Tween 20 was added to the supernatant. The supernatant
was removed after centrifugation at 100,000×g for 60 min at 4 °C.
The pellet was resuspended in 40 ml buffer A and was sonicated.
Sarcosyl (N-laurylsarcosinate) was added to a ﬁnal concentration of
0.3% (w/v), and the solubilized pellet was centrifuged at 100,000×g
for 45 min at 4 °C. The supernatant was loaded onto 3 ml of Ni-NTA
agarose (Qiagen) thatwas pre-equilibratedwith buffer B (50 mMsodium
phosphate buffer at pH 7.8, 300 mM NaCl, and 0.1% (w/v) sarcosyl) and
was washed with buffer B that contained 10 mM imidazole. The protein
was eluted in buffer B that contained 100 mM imidazole and was passed
over a Sephadex G-25 column in buffer C (20 mMHEPES buffer at pH 7.0
and 100 mM KCl) that contained 0.1% sarcosyl.
2.3. Reconstitution into liposomes
Unilamellar liposomes were prepared by the freeze–thaw
and extrusion method. Brieﬂy, dioleoylphosphatidylcholine and
dioleoylphosphatidylserine were mixed at a molar ratio of 9:1 in chloro-
form and were deposited as a thin ﬁlm on the interior of a ﬂask by rotary
evaporation under reduced pressure. The lipid ﬁlm was suspended at
20 mM in buffer C, which resulted in a suspension of multilamellar lipo-
somes. The suspension was subjected to 10 cycles of freezing and
thawing and was stored at −80 °C until use. Unilamellar vesicleswere produced by extrusion through polycarbonate membranes
(pore size of 100 nm; Avanti Polar Lipids) 15 times using an Avanti
Mini-Extruder and were suspended to a ﬁnal concentration of 11 mM
in buffer C. The liposomes were destabilized by the addition of
0.53% (w/v) n-dodecyl-β-D-maltoside (DDM) and were incubated
for 3 h at room temperature with agitation. Freshly puriﬁed
AtMRS2-10 was added to produce a lipid/protein ratio of 40:1
(w/w), and the mixture that contained 0.53% DDM was incubated
for 2 h at 4 °C with agitation. The detergents were removed by in-
cubating the mixture for 1 h at 4 °C with agitation with Bio-Beads
SM-2 (Bio-Rad) at a bead (wet weight)/detergent ratio of 60:1
(w/w). Bio-Beads SM-2 was removed from the solution, and a
second aliquot of Bio-Beads SM-2 was added. The sample was incu-
bated for 1 h at 4 °C with agitation. The proteoliposome solution
was removed from the Bio-Beads SM-2 and was centrifuged at
210,000×g for 30 min at 4 °C. The pellet was resuspended in
potassium-free buffer D (100 mM N-methyl-D-glucamine chloride
(NMDG-Cl) and 20 mM HEPES at pH 7.0) and was immediately
used.
2.4. Mg2+ transport assay by atomic absorption spectroscopy
The liposomes with incorporated AtMRS2-10 were pre-incubated
in buffer D for 5 min at 20 °C. Magnesium inﬂux was initiated by
adding 15 mM MgCl2 to the liposome suspensions. After incubation
for 5 min at 20 °C, 1 mM Co(III)hexamine was added to block Mg2+
ﬂux through AtMRS2-10. The liposome suspensions were centrifuged
at 100,000×g for 10 min at 4 °C to eliminate aggregated compounds,
and the supernatant was centrifuged at 210,000×g for 30 min at 4 °C.
The pellet was washed four times in buffer C that contained 1 mM
Co(III)hexamine and was resuspended in Milli-Q water that contained
0.5% (w/v) SDS and 0.1 M HCl. The Mg2+ content was measured in an
AA-6200 atomic absorption spectrophotometer (Shimadzu) using an
air-acetylene ﬂame at a wavelength of 285.2 nm.
2.5. Determination of protein and phospholipid content in the
proteoliposomes
The concentration of AtMRS2-10 proteins in proteoliposomes was
determined by SDS-PAGE using bovine serum albumin as a standard.
The phospholipid content of the proteoliposomes was assessed using
a standard phospholipid assay kit (Wako Phospholipids C).
3. Results
3.1. Expression, solubilization and puriﬁcation of AtMRS2-10
Expression of AtMRS2-10 was achieved using the pET28a(+) con-
struct with an N-terminal His6-tag that was transformed into E. coli
BL21-Codon Plus(DE3)-RIL cells. There was little expression detected
when using the pBAD/His plasmid in E. coli or when using the
pDEST10 or pDEST20 plasmids in the Bac-to-Bac baculovirus expres-
sion system (Invitrogen). The protein expression levels of the 54 kDa
AtMRS2-10 were examined in E. coli BL21-Codon Plus cells grown at
15 or 37 °C in LB or TB media after induction with 0.05, 0.5 or 1 mM
IPTG using SDS-PAGE (data not shown); The highest level of expres-
sion was obtained after induction with 0.05 mM IPTG when the cells
were grown at 15 °C for 20 h in TB media. Coexpression of the molecu-
lar chaperone GroEL/ES did not provide a noticeable effect on the
AtMRS2-10 expression level. The expressed AtMRS2-10 was efﬁciently
solubilized with 0.3% sarcosyl (Supplemental Fig. 2); however, other
detergents, including 2% DDM and 3% Tween 20 (Table 1), did not solu-
bilize AtMRS2-10. AtMRS2-10 was also insoluble in 0.2% sarcosyl.
Therefore, AtMRS2-10 was puriﬁed from the 1% Tween 20-insoluble
fractions and from the 0.3% sarcosyl-soluble fractions. Once AtMRS2-
Table 1
Detergent solubilization screening of AtMRS2-10.
Detergent %
Added
Solubilization
efﬁciency
n-Dodecyl-β-D-maltoside (DDM) 1–2 −
n-Octyl-β-D-glucoside 1–2 −
Tween 20 1–3 −
Triton X-100 1–3 −
Nonidet P40 1–3 −
Briji 35 1–3 −
3-[(3-Cholamidopropyl)dimethylammonio]-
propanesulfonic acid (CHAPS)
1 −
Cholic acid 1–5 −
N-Laurylsarcosinate (sarcosyl) 0.3–2 ++
Cetyltrimethylammonium chloride (CTAC) 1–2 +
++, Good solubilization efﬁciency; +, low solubilization efﬁciency; −, no
solubilizaion.
N
C
A
B
1 2 3 4 5
66
45
31
kDa
Fig. 1. Orientation of AtMRS2-10 in proteoliposomes. A, protease protection assay of
AtMRS2-10 in proteoliposomes. AtMRS2-10 integrated into liposomes (lanes 1 and 3)
and recombinant AtMRS2-10 protein (lanes 2 and 4) were incubated with trypsin
(lanes 1 and 2) and chymotrypsin (lanes 3 and 4) in a protease: AtMRS2-10 ratio of
1:50 at 20 °C for 30 min. Protease digestion was stopped by the addition of SDS-
PAGE sample buffer and incubation for 3 min at 98 °C. Lane 5, proteoliposomes alone.
B, schematic representation of the topology of AtMRS2-10 in proteoliposomes.
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AtMRS2-10 was subsequently puriﬁed in the presence of 0.1% sarcosyl.
3.2. Puriﬁcation of the GMN-motif mutant M400I and the N-terminal-
deleted Δ16 and Δ20 variants
The CorA superfamily of proteins, which includes AtMRS2, con-
tains the conserved GMN motif [18], and this motif plays an essential
role in the bacterial and yeast CorA superfamily proteins [12,13,24].
We generated the M400I mutant that targeted the conserved GMN
motif. We also generated variants where the N-terminal 16 and 20
amino acids were deleted, which were named AtMRS2-10 Δ16 and
Δ20, respectively (Supplemental Fig. 3). Previously, AtMRS2-10 was
reported to localize to the plasma membrane when using green ﬂuo-
rescent protein as a reporter [17], yet some algorithms predict the
possibility of localization to chloroplasts. TargetP (http://www.cbs.dtu.
dk/services/TargetP/) and ChloroP (http://www.cbs.dtu.dk/services/
ChloroP/) predicted a chloroplast leader and transit peptide cleavage
site at amino acid 20, and WoLF PSORT (http://wolfpsort.org/) and
SignalP (http://www.cbs.dtu.dk/services/SignalP/) predict a cleavage
site at amino acid 16. The mutant and variant proteins were expressed
and puriﬁed using the procedures that were similar to full-length
AtMRS2-10. For full-length AtMRS2-10, M400I, and the truncated Δ16
and Δ20 variants these procedures reproducibly yielded 2 mg of pro-
tein from 1 L of bacterial culture.
3.3. Reconstitution of AtMRS2-10 into proteoliposomes
Puriﬁed AtMRS2-10 was reconstituted into phosphatidylcholine
and phosphatidylserine-based liposomes. Puriﬁed AtMRS2-10 in 0.1%
sarcosyl was added to liposomes destabilized with 0.53% DDM and
detergents were removed by adsorption to Bio-Beads SM-2. To analyze
the orientation of reconstituted AtMRS2-10 in the proteoliposomes,
they were treated with trypsin and chymotrypsin (Fig.1A). As a control,
recombinant AtMRS2-10 was subjected to the same treatment.
Although protease digestion of the recombinant protein led to an
almost complete digestion, >90% of reconstituted AtMRS2-10 was
undegraded or degraded only near the terminus by these proteases.
These results indicated that AtMRS2-10 was preferentially inserted
into proteoliposomes with the most part exposed to the interior of
the liposomes in our reconstituted samples.
3.4. Reconstituted AtMRS2-10 mediates Mg2+ ﬂux and is blocked by
Co(III)hexamine
The proteoliposomes were incubated with 15 mM MgCl2 in the
presence and absence of 1 mM Co(III)hexamine. Co(III)hexamine is
an analog of hydrated Mg2+ and is a potent and selective inhibitorof CorA superfamily members [12,17,25–27]. After incubation for
5 min with 15 mM MgCl2, 1 mM Co(III)hexamine was added to the
proteoliposomes. In subsequent procedures, external Mg2+ was
removed in the presence of 1 mM Co(III)hexamine to block Mg2+
efﬂux through AtMRS2-10.
Reconstituted AtMRS2-10 was able to mediate Mg2+ inﬂux into
liposomes in the presence of an inward-directed Mg2+ gradient
(Fig. 2A). A signiﬁcant difference in the internal Mg2+ content was
observed with and without AtMRS2-10 incorporated into the lipo-
somes. The AtMRS2-10-mediated Mg2+ inﬂux was dependent on the
external Mg2+ concentration. The activity in the proteoliposomes
depended on the lipid/protein ratio when AtMRS2-10 was incorpora-
ted into the liposomes. Different lipid/protein ratios were tested, and
the optimal ratio was approximately 40:1 (w/w). The Mg2+ inﬂux
through AtMRS2-10 was reduced in the presence of 1 mM Co(III)
hexamine (Fig. 2B). While the measured Mg2+ content varied from
experiment to experiment, which was likely due to concentration dif-
ferences of unremoved external Mg2+ and of Mg2+ adsorbed to the
phospholipids, the values measured in each experiment (n=3 in
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Fig. 2. Reconstituted AtMRS2-10-mediated Mg2+ inﬂux. A, liposomes with (circles) and without (triangle) incorporated AtMRS2-10 were incubated (intraliposomal: 0 mM MgCl2,
100 mM KCl; extraliposomal: 100 mM NMDG-Cl) in the presence of the indicated concentrations of external Mg2+. After incubation for 5 min at 20 °C, 1 mM Co(III)hexamine was
added. External Mg2+ was removed, and the Mg2+ content was determined by atomic absorption spectrophotometry as described in the Materials and methods section. The internal
Mg2+ content is presented as the percentage of themaximalMg2+ content in each experiment. Data are presented as the average value of three independent experiments, and the results
are presented as the mean±S.D. B, three independent experiments that show that Co(III)hexamine inhibited Mg2+ inﬂux through AtMRS2-10 when 1 mM Co(III)hexamine was incu-
bated with the proteoliposomes (intraliposomal: 0 mM MgCl2, 100 mM KCl; extraliposomal: 15 mM MgCl2, 100 mM NMDG-Cl). The experiments were performed as described in A.
Data are shown as the mean±S.D., n=3. C, the proteoliposomes were incubated (intraliposomal: 0 mM MgCl2, 100 mM KCl; extraliposomal: 15 mM MgCl2, 100 mM NMDG-Cl) in
the presence of the indicated concentrations of Co(III)hexamine. After incubation for 5 min at 20 °C, 1 mM Co(III)hexamine was added. The internal Mg2+ content was measured as de-
scribed in A. The difference in the Mg2+ content in the presence and absence of 1 mM Co(III)hexamine is shown as Mg2+ inﬂux through AtMRS2-10. Data are shown as the mean±S.D.,
n=3. D, Mg2+ inﬂux with the M400I mutant. Mg2+ inﬂux was determined as described in C. Data are shown as the mean±S.D., n=3. E, Mg2+ inﬂux of the truncated Δ16 and Δ20
variants. Data are shown as the mean±S.D., n=3. F, the effect of external pH on Mg2+ inﬂux through AtMRS2-10. Data are shown as the mean±S.D., n=3.
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tent in the presence of 1 mM Co(III)hexamine was nearly equal to the
value when the Mg2+ content was measured for liposomes without
AtMRS2-10 (Fig. 2A), which indicated that 1 mM Co(III)hexamine
completely inhibited Mg2+ inﬂux through AtMRS2-10. Therefore, it
was hypothesized that the difference in the presence and absence of
1 mM Co(III)hexamine indicated the amount of Mg2+ that was trans-
ported into the liposomes through AtMRS2-10. Mg2+ inﬂux through
AtMRS2-10 was subsequently evaluated by the difference in the pres-
ence and absence of 1 mM Co(III)hexamine. The inhibition was depen-
dent on the concentration of Co(III)hexamine, and 50% inhibition was
observed at 0.04 mM Co(III)hexamine (Fig. 2C). The activity of the
GMN-motif mutant, M400I, was reduced in this assay (Fig. 2D). These
results provided direct evidence that AtMRS2-10 mediates the Mg2+inﬂux and indicated that AtMRS2-10-mediated Mg2+ inﬂux was
blocked by Co(III)hexamine.
Mg2+ efﬂux through AtMRS2-10 in the presence and absence of
Co(III)hexamine could not be examined because the liposomes aggre-
gated in the presence of Mg2+ when the liposomes were prepared
and preloaded with Mg2+.
Although the truncatedΔ16 andΔ20 variantsmediatedMg2+ inﬂux
into the liposomes, the amount of Mg2+ inﬂux was reduced compared
with the full-length AtMRS2-10 (Fig. 2E). Removal of the N-terminal
His6-tag by thrombin digestion did not increase the Mg2+ inﬂux.
Rather, higher activity of the Mg2+ inﬂux was observed with
N-terminal His6-tagged AtMRS2-10 (data not shown). Therefore, full-
length AtMRS2-10 with an N-terminal His6-tag was used for all further
studies. The AtMRS2-10-mediatedMg2+ inﬂuxwas independent of the
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using an external pH from 5 to 9 (Fig. 2F).
3.5. Effects of cations on AtMRS2-10-mediated Mg2+ ﬂux
The inhibition of AtMRS2-10-mediated Mg2+ inﬂux by Co(III)
hexamine indicated that the transport properties of AtMRS2-10 were
similar to bacterial CorA. In previous functional studies of bacterial
CorA and AtMRS2 [16–22], these proteins were expressed in S.
typhimurium and yeast mutants that lacked the ability to uptake
Mg2+. In these studies, the functional properties of the cations have
been indicated by tracer-ion uptake inhibition assays where 63Ni2+
was used as a substitute because 28Mg2+ is not available. In this
study, the effects of various cations on AtMRS2-10-mediated Mg2+ in-
ﬂux were directly assayed, and we examined the effects of Ca2+ and
ﬁve cations to determine their effect inMg2+ transport. Mg2+ transport
in bacterial CorA and AtMRS2 is known to be insensitive to Ca2+ and is
known to be sensitive to Co2+ and Ni2+.
The proteoliposomes were incubated with various cations and
with 15 mMMg2+ in the presence and absence of 1 mM Co(III)
hexamine. After incubation for 5 min, the internal Mg2+ content
was determined. Six cations were examined, and Co2+, Ni2+, and
Al3+ all inhibited Mg2+ uptake (Fig. 3). The resulting inhibition by
5 mM Co2+ and Ni2+ was 39% and 55%, respectively, and 0.5 mM
Al3+ completely inhibited the uptake of Mg2+. In contrast, 10 mM
Ca2+ and 15 mM Fe2+ or Fe3+ had no effect on the uptake of Mg2+.
4. Discussion
Here, we puriﬁed AtMRS2-10 and reconstituted it into
proteoliposomes. The amount of Mg2+ that was transported into the
proteoliposomes was measured by atomic absorption spectroscopy.0 1.0 10
0
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Fig. 3. The effect of cations on Mg2+ inﬂux through AtMRS2-10. A–D, the proteoliposome
MgCl2, 100 mM NMDG-Cl) with the indicated concentration of cations in the presence a
Fig. 2C. The data were normalized to the percentage of control (Mg2+ uptake with 15 mM
of the liposomes was observed in the presence of 15 mM Co2+ and Ca2+, and Mg2+ uptakeUpon analysis of Mg2+ transport activity, most Mg2+ transport pro-
teins are expressed in the mitochondria and in bacterial and yeast
cells, and the mitochondria and whole cells and their membranes
were assayed. The only Mg2+ transport protein that had been previ-
ously puriﬁed and reconstituted into liposomes was T. maritima CorA
[12]. AtMRS2-10 has low sequence conservation with T. maritima
CorA. Nonetheless, the predicted secondary structure of AtMRS2-10
agrees with the secondary structure of the T. maritima CorA found in
the three-dimensional structure (Supplemental Fig. 1). T. maritima
CorA has two transmembrane segments per monomer. AtMTS2-10
was also predicted to have two transmembrane segments at similar
positions using the SOSUI algorithm (http://bp.nuap.nagoya-u.ac.jp/
sosui/). T. maritima CorA was solubilized in DDM; however, AtMRS2-
10 was insoluble in this detergent and in most other detergents that
are commonly used to solubilize membrane proteins (Table 1).
AtMRS2-10 was puriﬁed from the Tween 20-insoluble fraction, and
AtMRS2-10 was efﬁciently solubilized in 0.3% sarcosyl. Sarcosyl is a
harsh detergent, and has been previously used to solubilize active soy-
bean recombinant phosphate transporter [28]. Puriﬁed AtMRS2-10
was reconstituted into liposomes using DDM. Functional reconstitu-
tion was obtained under the conditions.
While AtMRS2-10 retained functional activity in the present
study, the full activity may not have been evaluated. The amount of
Mg2+ in the proteoliposomes was directly determined by atomic ab-
sorption spectroscopy, and external Mg2+ should be removed in this
assay. Since 1 mM Co(III)hexamine nearly completely inhibited Mg2+
inﬂux through AtMRS2-10, the amount of Mg2+ that was transported
into the liposomes was evaluated by the difference in the presence
and absence of 1 mM Co(III)hexamine. In addition, there are two
other points that must be discussed for the Mg2+ transport assay in
AtMRS2-10, the inhibition of Mg2+ efﬂux and the orientation of
AtMRS2-10 in proteoliposomes. Co(III)hexamine is a potent inhibitor0 1.0 10
0
20
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80
100
[Ni2+] (mM)
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20
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100
120
Ca2+
(10 mM)
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(15 mM)
Fe3+
(15 mM)
s were incubated (intraliposomal: 0 mM MgCl2, 100 mM KCl; extraliposomal: 15 mM
nd absence of 1 mM Co(III)hexamine. Mg2+ inﬂux was determined as described in
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with Mg2+, the external Mg2+ was removed in the presence of
1 mM Co(III)hexamine. Co(III)hexamine has also been reported to in-
hibit Mg2+ efﬂux through the yeast mitochondrial Mrs2p protein
[27]. However, the inhibition of Mg2+ efﬂux through AtMRS2-10 by
1 mM Co(III)hexamine was not evaluated. The measurement of
Mg2+ uptake in this assay might be underestimated by Mg2+ efﬂux
through AtMRS2-10 that may not be completely inhibited by external
1 mM Co(III)hexamine. The results shown in Fig. 1A indicated that the
orientation of AtMRS2-10 in proteoliposomes was essentially unidirec-
tional. Rigaud and Levy [29] indicated that when proteoliposomes were
properly constructed, a unidirectional insertion of the protein into the
membrane is ensured. The optimal concentration of DDM that was
used to destabilize the liposomes was determined by the measurement
of Mg2+ transport activity, and the determined concentration (0.53%)
corresponded to calculations that were previously reported [29].
Therefore, an asymmetric orientation, rather than a randomorientation,
of AtMRS2-10was expected in this study. Common features of all 2-TM-
GMN-type proteins are the presence of an N-terminal soluble cytoplas-
mic domain followed by two adjacent transmembrane helices near the
C-terminus [6–8,14,15]. The hydrophobic analysis of the amino acid
sequence of AtMRS2-10 also predicted the existence of two transmem-
brane helices, TM1 (residues 380–402) and TM2 (residues 415–434),
positioned at the C-terminal end with both the N and C termini facing
the inside domain (using public servers TMHMM or TMPred). The
results of protease protection assay shown in Fig. 1A were consistent
with the predicted topology of AtMRS2-10, indicating that the orienta-
tion of AtMRS2-10 in proteoliposomes was essentially unidirectional,
with the most part exposed to the interior of the liposomes (Fig. 1B).
Mg2+ transport activity was measured in the presence of an out-
ward potassium gradient [12]. This potassium gradient was useful
for the measurement of Mg2+ transport activity. Payandeh et al.
[12] measured the Mg2+ transport activity of T. maritima CorA rec-
onstituted into liposomes using the Mg2+-sensitive ﬂuorescent dye
Mag-Fura-2. We also observed the Mg2+ inﬂux through AtMRS2-10
with Mag-Fura-2 (data not shown), details of which will be published
elsewhere.
Mg2+ transport activity of reconstituted AtMRS2-10 was inhibited
by Co(III)hexamine and Al3+, and AtMRS2-10 was moderately
inhibited by Ni2+ and Co2+. No inhibition was observed for Ca2+,
Fe2+, and Fe3+. In previous studies, the transport properties of the
CorA superfamily proteins including AtMRS2 proteins [17] have
been analyzed in uptake experiments using 63Ni2+ as a tracer. In
these experiments, inhibition of 63Ni2+ uptake into bacterial cells
was assayed. The present results from the puriﬁed protein are mostly
consistent with the results from the 63Ni tracer studies. This consis-
tency indicated availability of the 63Ni2+ uptake inhibition assay,
which was used to study the cation transport activity of the
CorA superfamily proteins, and also suggested that accessory proteins
are not required for function of the CorA superfamily proteins. Al-
though the inhibition of Mg2+ uptake indicated an interaction of the
cations with AtMRS2-10, it does not show the transport of these
cations through AtMRS2-10. Bacterial CorA mediates the inﬂux of
Co2+ and Ni2+ with an afﬁnity of 20–40 μΜ and 200–400 μΜ,
respectively [30,31]. Recently, Xia et al. reported that the T. maritima
CorA has the possible role of being the transporter of Co2+ physiologi-
cally [32]. AtMRS2-10may also transport Co2+ andNi2+, however, the
increased selectivity for Co2+ over Ni2+ was not observed for plant
AtMRS2-10. In addition, 50% inhibition of Mg2+ inﬂux through
AtMRS2-10 was observed at Co2+ and Ni2+ concentrations greater
than 5 mM and 4 mM, respectively. The Mg2+ inﬂux through
AtMRS2-10 was also inhibited by Al3+, and 50% inhibition was
observed when 50 μΜ Al3+ was present. While there are no reports
that show the Al3+ sensitivity of the bacterial CorA family, Al3+
inhibited Mg2+ inﬂux by the eukaryotic CorA homologues [33]. As
was previously proposed [17,23], the MRS2 Mg2+ transport systemin plants may be a molecular target for the Al3+-mediated inhibition
of Mg2+ uptake, which leads to Al-induced Mg2+ deﬁciency in higher
plants. Currently, it is not known whether Al3+ is transported by the
eukaryotic CorA homologues. Studies whether AtMRS2-10 transports
Al3+, Co2+ and Ni2+ are now in progress.
Despite the low sequence similarity, the eukaryotic CorA homo-
logues in yeast and mammals have been suggested to have a similar
topology and overall structure as T. maritima CorA [31]. AtMRS2-10
was inhibited by Co(III)hexamine, and the GMN-motif mutant
M400I was inactive for Mg2+ transport. These results indicate that
the CorA superfamily of proteins transport Mg2+ by a similar mecha-
nism over large phylogenetic distances [14].
Mg2+ plays an important role in plants because Mg2+ acts as a
cofactor in enzymes that are involved in photosynthetic carbon ﬁxa-
tion [34]. Light induces an increase in freeMg2+ concentration in chlo-
roplasts [4]; however, little is known about themolecularmechanisms
that regulate Mg2+ concentration in plants. Stromal alkalinization is
essential for the light-induced increase of free Mg2+ in chloroplasts,
and the change in pH may not regulate AtMRS2-10, which was
suggested by the results shown in Fig. 2F. Arabidopsis possesses 10
members of the AtMRS2 superfamily. These studies demonstrate the
functional capability of the AtMRS2 proteins in proteoliposomes and
functionally characterize the transporters. The molecular properties
and regulation of AtMRS2 remain to be examined.
5. Concluding remarks
We have provided the direct evidence that plant AtMRS2-10 me-
diates Mg2+ transport. In addition, these results imply that accessory
proteins are not required for this function.
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